ABSTRACT Transgenic Drosophila are highly useful for structure-function studies of muscle proteins. However, our ability to mechanically analyze transgenically expressed mutant proteins in Drosophila muscles has been limited to the skinned indirect flight muscle preparation. We have developed a new muscle preparation using the Drosophila tergal depressor of the trochanter (TDT or jump) muscle that increases our experimental repertoire to include maximum shortening velocity (V slack ), force-velocity curves and steady-state power generation; experiments not possible using indirect flight muscle fibers. When transgenically expressing its wild-type myosin isoform (Tr-WT) the TDT is equivalent to a very fast vertebrate muscle. TDT has a V slack equal to 6.1 5 0.3 ML/s at 15 C, a steep tension-pCa curve, isometric tension of 37 5 3 mN/mm 2 , and maximum power production at 26% of isometric tension. Transgenically expressing an embryonic myosin isoform in the TDT muscle increased isometric tension 1.4-fold, but decreased V slack 50% resulting in no significant difference in maximum power production compared to Tr-WT. Drosophila expressing embryonic myosin jumped <50% as far as Tr-WT that, along with comparisons to frog jump muscle studies, suggests fast muscle shortening velocity is relatively more important than high tension generation for Drosophila jumping.
INTRODUCTION
Myosin isoforms are major determinants of muscle contractile properties, especially maximum shortening velocity (1, 2) . The influence of myosin isoforms has been well studied by indirect means, such as altering expression of myosin isoforms in a muscle type through muscle activity level (3, 4) . Similarly, most myosin heavy chain structurefunction manipulations have been evaluated in vitro (5) (6) (7) (8) with only a few instances of direct evaluation in a working muscle (9) (10) (11) , most of which have been accomplished using the Drosophila system (12) (13) (14) (15) (16) (17) .
The Drosophila system can be manipulated to transgenically express myosin and other muscle proteins allowing for the examination of the influence of isoform differences and protein structure directly in functioning muscle (18) (19) (20) . We have previously mechanically evaluated chimeric and mutated myosins using the skinned indirect flight muscle (IFM) preparation (13) (14) (15) (16) 21) . The IFM is ideal for evaluating changes in oscillatory power, stiffness, and crossbridge rate constants. IFM functions similarly to mammalian heart muscle as its primary role is to generate oscillatory work and power, assisted by a prominent stretch activation mechanism (22) (23) (24) (25) . However, IFM fibers are limited as a tool for evaluating mechanical performance because it is not possible to measure unloaded shortening velocity and produce complete force-velocity curves due to its very short, relatively inextensible I-band (26) . Another muscle in the Drosophila thorax, the tergal depressor of the trochanter (TDT, also known as the jump muscle, Fig. 1 ), is also large enough for mechanical measurements (27) , and its longer, extensible I-band should enable us to expand our repertoire of measurements. Only one previous study has attempted to use the isolated TDT for mechanical analysis (27) . This study measured transient step responses and tension generation using the entire TDT muscle, but did not report any measurements of shortening velocity, force-velocity, or muscle power.
The TDT, which powers jumping in the fly, structurally resembles vertebrate skeletal muscle more closely than does the IFM (27) (28) (29) . The TDT is made up of~32 fibers (27) . We can transgenically replace the endogenous TDT muscle myosin isoform with other myosin isoforms or mutant myosins, as we have done with the IFM, because Mhc 10 Drosophila mutants have no endogenous myosin in their TDT muscles (30) . Wells et al. (31) showed that other myosin isoforms could be forced to replace the endogenous TDT isoform by transgenically expressing an embryonic isoform (EMB) in all muscles including the TDT. The TDT muscle was still functional as the flies could jump and myofilament ultrastructure was not adversely affected.
We have developed a TDT preparation that provides highly reproducible steady-state mechanical results when transgenically expressing either its wild-type isoform (Tr-WT) or EMB. We have made the first measurements of Drosophila TDT muscle shortening velocity and steadystate power generation. Expressing EMB in the TDT decreases the force-pCa Hill coefficient, increases isometric tension, decreases maximum velocity of shortening (V slack ), but does not significantly decrease maximum power production during constant shortening. Overall, these results show the high value of our TDT preparation for mechanically analyzing the functional consequences of mutated myosin and other muscle proteins transgenically expressed in Drosophila.
METHODS

Transgenic Drosophila lines
Creation of the pwMhc2 Drosophila transgenic line (Tr-WT) is described in Swank et al. (5) . This line contains a transgenic copy of the Mhc gene with flanking 5 0 and 3 0 regions, including the Mhc promoter. The transgene expresses the specific native myosin isoform normally found in each muscle fiber type. When crossed with the Drosophila line Mhc 10 , null for myosin expression in the IFM and TDT muscles (30) , only the transgenic TDT myosin isoforms is expressed in the TDT. This line displayed normal jumping ability and ultrastructure (32) . Creation of the EMB transgenic line is described in Wells et al. (31) . This line uses a cDNA construct encoding an embryonic isoform behind the myosin promoter to express an embryonic cDNA in all Drosophila muscles. Crossed with Mhc 10 , the TDT only expresses the EMB myosin isoform.
TDT muscle preparation
TDT muscle fibers were dissected from the thoraces of 2-3-day-old female Drosophila (Fig. 1 ) and chemically demembranated (skinned) in dissection solution (5 mM MgATP, 1 mM free Mg 2þ , 5 mM EGTA, 20 mM BES (pH 7.0), 175 mM ionic strength, adjusted with Na methane sulfonate, 1 mM DTT, 0.5% Triton X-100 and 50% glycerol) for 1 h at 4 C. The TDT preparation, consisting of 8-10 large diameter fibers, was mounted on the fiber mechanics rig using T-clips laser cut from food grade aluminum foil (MicroConnex, Snoqualmie, WA) ( Fig. 1, E-G) . The hole in the base end of the T-clip was sized so that it fit snugly over the mounting hooks that extend from the force transducer and servo motor to minimize movement of the T-clip on the wire during length perturbations. The resulting dimensions of the preparation, between the proximal ends of the clips, averaged~125 mm in length, 110 mm in width, and 45 mm in depth.
The mechanics rig used for the slack-test experiments was similar to the IFM rig described previously (13) with the following modifications. A rectangular prism was adhered to the glass bottom of the chamber to allow, in addition to the length and width, the height of the muscle fiber to be measured using a compound microscope and video analysis software (Ion Optix, Milton, MA). The same software package was used to obtain average TDT sarcomere length. A video image of the TDT muscle was captured from an inverted compound microscope with a 40Â objective. Measurements from three different fibers in the muscle bundle (top, middle, and bottom) were averaged to determine sarcomere length. The servo motor was a P-841.20 (Physik Instrumente, Karlsruhe, Germany) with a 30 mm throw and < 0.5 ms response time when used with position feedback. Changes in the ionic composition of the muscle bathing solution were accomplished by partial solution exchanges in one chamber. The mechanics rig was controlled by custom written software (33) .
Mechanical protocol for measuring TDT unloaded shortening velocity TDT muscle fiber bundles were mounted in relaxing solution (260 mM ionic strength, adjusted with Na methane sulfonate, 10 mM MgATP, 45 mM creatine phosphate, 1200 U/mL creatine phosphokinase, 1 mM free Mg 2þ , 5 mM EGTA, 20 mM BES (pH 7.0), and 1 mM DTT) at 15 C. The fibers were stretched until they reached an average sarcomere length of 3.6 mm (Fig. 1, F and G) . A preactivating solution (same as relaxing solution but with lower, 0.5 mM, EGTA) was exchanged into the bathing solution chamber to help ensure sarcomere homogeneity during activation (34) . The fiber was activated to pCa 5.0 by three partial solution exchanges of the preactivating solution with activating solution (same as relaxing solution, but with calcium content adjusted to pCa 4.0). The slack test was used to measure shortening velocity (V slack ) (33, 35) by very rapidly shortening a fully active muscle in <5 ms. This reduced force levels to zero; the muscle is slack. The time taken for the force level to rise above zero, when slack is eliminated from the muscle, was measured. The maximum unloaded muscle shortening speed was determined by plotting multiple muscle length changes versus time required to take up slack. Isometric tension was measured immediately before and after each slack test. FIGURE 1 (A) Anatomy and location of the TDT muscle. The TDT is represented in dark gray for visibility among the other major muscles of the Drosophila thorax, the DLM (horizontal IFM fibers, yellow) and DVM (vertical IFM fibers, yellow). The TDT is translucent and difficult to observe during dissection. The red dotted lines mark the location of the two cuts through a half thorax that are made to free the TDT from the thoracic cuticle. (B) The free TDT is cut just above the end of the tendon and down the side to remove the four smaller diameter fibers. (C) The TDT is composed of two fiber layers so that the vertical cut allows it to open up into one layer with a thickness of a single fiber. (D) The TDT is split parallel to the fibers producing a preparation consisting of 8-10 fibers. (E) Each end of the TDT is clipped in laser cut T-clips, which is then mounted on the muscle mechanics rig using hooks extending from the force transducer and servo motor. (F) A Tr-WT TDT preparation mounted on the mechanics rig, in relaxing solution, showing good alignment of fibers between the T-clips. This preparation produced excellent force-velocity data. (G) An EMB preparation that produced poor quality data as the fibers were twisted while T-clipping the preparation. Both Tr-WT and EMB TDT muscle fiber bundles produce equally good data if the preparations are as good as the one in F. (H) A differential interference contrast image of a Tr-WT TDT muscle that was dissected from a 2-day old fly and imaged in Ringer's solution without staining or fixation. (I) Same as F, except this TDT expresses EMB. Both EMB and control fibers display normal sarcomere patterns. Scale bars ¼ 30 mm.
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Mechanical set-up for tension-length, tension-pCa, and tension-velocity measurements
To improve the longevity of the fiber preparation, we used a multiple-well rig for the tension-length, tension-velocity, and tension-pCa measurements. This rig is similar to the one used for the slack-tests, but has 14 solution wells between which the fiber can be quickly transferred. This allowed for rapid relaxation of the fiber between shortening steps.
Tension-length curve protocol
To establish the appropriate starting sarcomere length so that the slack-tests and force-clamps were carried out over sarcomere lengths where maximum or nearly maximum tension is generated, the Tr-WT and EMB tensionlength profile was determined. Resting tension was measured in relaxing solution. The fiber was transferred to preactivating solution, where sarcomere length was set, then transferred to activating solution, pCa 5.0, where tension was measured, and returned to relaxing solution. To control for fatigue effects, for half of the fibers sarcomere length was initially set at 4.0 mm and shortened by 0.1 mm increments to 3.0 mm. For the other half of the fiber set, sarcomere length was initially set at 3.0 mm and lengthened to 4.0 mm by 0.1 mm increments.
Tension-pCa protocol
Muscle fibers, at a sarcomere length of 3.6 mm, were sequentially transferred into higher or lower calcium concentration solutions and isometric tension was measured at each concentration. Between each calcium concentration, the muscle was returned to relaxing solution and transferred into preactivating solution. For half of the fibers, the order of calcium solutions was reversed.
Tension-velocity protocol
To determine TDT shortening velocity at different loads and steady-state power generation, we used the force-clamp technique (33, 36) . Fibers were activated after preactivation solution and rapidly shortened until the tension level dropped to a predetermined set level. Reaching the set level required less than 8 ms for the greatest drop in tension. Tension levels were monitored by feeding back the output of the force gauge to the servo motor system. Velocity was measured over an average time period of 8 ms once force was clamped. This time period required the muscle to shorten at most by 12% for the lowest forces clamped. Percent maximum tension clamped was plotted versus velocity, and tension multiplied by velocity to determine power. The fiber was relaxed between each force-clamp shortening run.
Jump testing
Jump ability was the horizontal distance a Drosophila could jump off a 10-cm high platform at 22 C. The flies' wings were removed before jump testing. The average distance of the three longest jumps out of 10 trials per fly was reported. Flies were 2-4-day-old females.
RESULTS
Jumping ability
Drosophila expressing EMB myosin in their TDT muscle jumped only 40% as far as Tr-WT flies, but were able to jump 1.5-fold farther than Drosophila with no myosin in their TDT muscles, Mhc 10 ( Table 1) . Minor leg muscles, that express a different myosin isoform than the TDT, accounted for some jumping ability, or at least the ability to walk off the edge of the platform, by Mhc 10 Drosophila.
TDT muscle mechanics
To measure power and other mechanical properties, we made several improvements in the TDT preparation that resulted in a more robust and reliable preparation compared to the preparation used in the only previous TDT mechanical study (27) . Our preparation enables additional types of mechanical measurements, such as shortening velocity and steady-state power generation. We pared down the muscle to a small bundle of 8-10 fibers rather than using the entire muscle. This resulted in faster activation and less damage to the muscle as it was more securely and uniformly held in the T-clips. The TDT activated faster and was less likely to rip when a preactivating solution (0.5 mM EGTA, pCa 8.0) was interposed between relaxing and activating solutions rather than transferring the muscle directly from a relaxing solution at pCa 8.0 (5 mM EGTA) to an activating solution at pCa 5.0. This improvement was likely due to faster and more uniform calcium entry and binding to troponin C in each sarcomere (34) . Aligning TDT fibers as parallel as possible to each other and in the direction of shortening (Fig. 1, F and G) produced better quality slack-test and force-clamp data. We compared exchanging bathing solutions around the TDT in a single chamber muscle mechanics rig to moving the TDT into different chambers in a multi-well rig to determine which set-up produced better quality data and less fiber fatigue. In a single chamber rig, a fully activated TDT muscle fiber could be subjected to about six different solution conditions, with three slack test measurements under each condition, before excessive muscle fatigue. If the muscle was relaxed after each run by using a multi-well rig, then the TDT muscle lasted at least twice as long and there was less loss of force producing ability.
Isometric tension
Relaxed tension of TDT muscle expressing either Tr-WT or EMB myosin was very low, especially compared to the other major thoracic muscle in the fly, IFM (Table 2 ). This was particularly apparent when the ratios of passive to active tension for the two muscle types were compared. For TDT, net active tension was~30-fold higher than passive tension for both isoforms, whereas all myosins tested in the IFM had passive tension levels almost equal to net active tension (Table 2) (14) (15) (16) 21) .
To Active tension of Tr-WT TDT muscle was 37 5 3 mN/mm 2 at phosphate (Pi) and MgATP concentrations of 0 mM and 20 mM, respectively, at a sarcomere length of 3.6 mm ( Table 2) . Expressing EMB myosin increased tension 1.4-fold, under these conditions, compared to control TDT (Fig. 2 , inset). We tested the TDT tension profile with changing sarcomere length to determine if, during the slack test and force-clamp experiments, the degree of sarcomere shortening would lead to appreciable declines in TDT tension generating ability. At sarcomere lengths of 3.0 and 4.0 mm, we measured net active tension values of 41 5 16 mN/mm 2 and 45 5 18 mN/mm 2 , respectively, for TDT expressing EMB, and 25 5 4 mN/mm 2 and 29 5 4 mN/mm 2 for TDT expressing Tr-WT. For both EMB and Tr-WT, the active tension values were not significantly different (p R 0.05, Student's t-test, n ¼ 4 for EMB and n ¼ 7 for Tr-WT) at these two sarcomere lengths. Comparing our data to tension-length curves of frog semimembranosus single fibers (37) suggests that we are operating on the shallow ascending limb, plateau and perhaps slightly down the descending limb of the tension-length curve. Over this sarcomere range (1.6-2.6 mm, the same 1 mm distance as in our study) tension would only be expected to decrease by 10-12% from maximum tension. Our tension results are within this range. Our slack tests shortened the TDT a maximum of 15% that, with a starting sarcomere length of 3.6 mm, results in the muscle bundle shortening to 3.05 mm.
Tension response to calcium
TDT expressing Tr-WT displayed a very steep tension-pCa curve, which we determined by incrementally increasing calcium concentration from pCa 8 to 5.0 (Fig. 2) . The Hill coefficient was 10.2 5 2.1 with a pCa 50 of 5.62 5 0.01 ( Table 2 ). The shape of the curve was altered by the expression of EMB in TDT. EMB produced higher force levels at lower calcium concentrations, as seen in an increased pCa 50 and decreased Hill coefficient (Table 2 and Fig. 2 ).
Unloaded shortening velocity
Both Tr-WT and EMB TDT fibers produced very good slacktest traces (Fig. 3) . The start of force regeneration is clearly demarcated that is critical for accurate maximum velocity calculations. The velocity of TDT expressing Tr-WT was 6.1 5 0.3 ML/s at a starting sarcomere length of 3.6 mm 50 and the Hill coefficient were determined by fitting the tension-pCa response with the Hill equation (Fig. 2) . Values are mean 5 SE. *Significantly different from Tr-WT, p < 0.05, Student's t-test. n ¼ 7 and 8 for Tr-WT and EMB resting tension, respectively. n ¼ 21 and 23 for Tr-WT and EMB active tension, respectively. n ¼ 6 for pCa 50 and Hill coefficient, n ¼ 10 for V slack .
FIGURE 2 Isometric tension-pCa relationships. Tension generated by TDT fibers was measured at a sarcomere length of 3.6 mm. Tension was normalized to equal 1 at pCa 5.0 and fit with a standard Hill curve. There is a significant leftward shift of the bottom of the curve when expressing EMB myosin as seen by the significant tension difference at pCa 5.7 (p < 0.05, t-test) and significant differences in the Hill coefficient and pCa 50 values (Table 2) . n ¼ 6 for each fiber type. Inset: Isometric tension of EMB TDT muscle, at saturating calcium, pCa 5.0, was significantly higher than Tr-WT TDT fibers (p < 0.05, t-test). n ¼ 21 for Tr-WT and n ¼ 23 for EMB. All values are mean 5 SE.
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and a solution composition of 0 mM Pi and 20 mM MgATP. TDT muscle expressing Tr-WT shortens almost 2-fold faster than TDT muscle expressing EMB under these conditions (Table 2) .
Velocity under load
We believe our new TDT preparation was highly useful for measuring shortening velocity at different loads and steadystate power generation (Fig. 4) . We were able to clamp forces within 8 ms of the start of shortening (Fig. 4, A and B) . Plotting the velocity values for each clamped force value revealed that the shortening velocity of Tr-WT TDT was greater than EMB TDT shortening velocity below tension levels of~2 0% of maximum (Fig. 4 C) . Fitting the data with the hyperbolic Hill curve (33) , and no difference in a/T max (Table 3) showed that the shapes of the force-velocity curves were similar. Extrapolating the tension-velocity curves to zero tension showed that EMB V max was 63% of Tr-WT (Table 3) . The maximum shortening values (V max ) were very similar to those determined by the slack-test (V slack ) as Tr-WT V slack was only 16% lower than Tr-WT V max and the EMB values were not statistically different (Tables 2 and 3 ). The force levels that produced maximum power were~25% of T max for both Tr-WT and TDT. Due to the high degree of curvature to the tension-velocity plot, the velocity that produced maximum power generation was also~25% of V max for both Tr-WT and EMB TDT muscles (Table 3 ). When tension is normalized, Tr-WT power appears higher than EMB power when plotted versus velocity (Fig. 4 D) . However, taking into account the difference in maximum isometric tension (T max , Table 2 ), the maximum steady-state power generated by Tr-WT and EMB are not significantly different (Table 3 , column 7).
DISCUSSION
We have shown that the TDT muscle preparation, when combined with the genetic advantages of Drosophila, is a valuable tool for examining muscle protein structure/function relations. We can run a full complement of mechanical measurements on the TDT preparation including maximum shortening velocity (V slack ), shortening velocity under different loads and steady-state power production. Although Drosophila IFM has been used extensively for mechanical measurements, such as oscillatory power production (16, 21) , its very short, inextensible I-band limits the distance its sarcomeres can lengthen or shorten (26) ; hence, it is not suitable for V slack and force-velocity measurements that require >10% shortening of sarcomeres. In contrast, the TDT is a particularly good preparation for slack-test and forcevelocity experiments as its I-bands are highly extensible with long thick and thin filaments (26) . Thus, the required shortening during experiments can occur without a significant decrease in force production. TDT active tension generation is high and relaxed tension very low, the opposite of IFM. This makes some mechanical measurements, such as force-pCa curves, easier and more accurate with TDT muscle.
Our dissection and handling of the TDT differed considerably from the sole previous study in which the TDT was mechanically evaluated (27) . This study used the entire muscle, T-clipping the tendon that inserts into the middle leg, and the dorsal end of the muscle that was left attached to its insertion with the thoracic cuticle (John Sparrow, University of York, personal communication, 2004). Using a whole muscle probably limited the effectiveness and types of experiments that could be carried out, as we often observed slow or no activation when using an entire TDT muscle. When the whole TDT did activate, the fibers were Table 2 . Time 0 equals the start of shortening.
Biophysical Journal 98(7) 1218-1226 likely to rip out of the T-clip. These problems were probably due to inhomogeneous calcium diffusion into the whole muscle and the difficulties of securely attaching and aligning all the fibers in parallel between the T-clips. To counter these challenges, we prepared a shorter and thinner preparation, taken from a region of the TDT where the fibers are parallel to each other (Fig. 1) . We used a preactivating solution to ensure uniform calcium entry, and a creatine phosphate MgATP regeneration system to buffer MgATP concentrations and to keep MgADP near 0 mM. With these improvements, we could carry out a wider range of mechanical measurements on the TDT muscle.
New Drosophila muscle mechanical measurements using the TDT We made the first maximum shortening velocity measurements of the TDT muscle. The TDT muscle is a very fast muscle type as its V slack was 6.1 ML/s at 15 C (Table 2 ). This is comparable to mouse fast 2X and 2B skeletal muscle, 4.3 and 6.5 ML/s at 12 C (38), and thus faster than all mammals larger than a mouse as muscle velocity decreases with increasing body mass (39) . The TDT is slower than rattlesnake shaker muscle and toadfish swim bladder, 7.6 and 11.8 ML/s at 16 C respectively, two of the fastest known vertebrate muscle types (40, 41) . However, these muscles are designed for oscillatory speed. TDT shortening speed is similar or faster than two of the fastest vertebrate muscles that have evolved for rapid shortening to power jumping, the anterior tibialis, 4.1 ML/s at 7.5 C and semimembranosus, 10.4 ML/s at 25 C from Rana pipiens (37, 42) .
Power for jumping
The fast shortening velocity, higher active tension generation, lower passive tension, extensible I-bands, and other (C) Velocities, calculated from the slope of the traces in A, were plotted against tension that was normalized to equal 1 at maximum isometric tension. The Tr-WT curve was generated from the data shown in A and B, whereas the EMB curve is from raw data not shown. Both curves were fit with the Hill curve. (D) Mechanical power calculated from multiplying average tension and velocity values, and fit with curves generated from multiplying the tension and velocity from the average Hill curves. Although the maximum power generated by Tr-WT is higher than EMB when tension is normalized, maximum power generation is not significantly different between the fiber types when actual tension values in units of mN/mm 2 are used in the power calculation (Table 3) . Biophysical Journal 98 (7) 1218-1226 differences of TDT compared to IFM reflect the different evolutionary constraints of the TDT. Responsible for the extension of the mesothoracic legs, the TDT muscle acts as the main contributor to jumping force and power production during two types of take-offs that initiate flight (28, 29, 43) . We compared TDT mechanical power generation to a rough estimate of the average power required for jumping. Zumstein et al. (29) inferred an average power generation of 1.5 W g À1 in TDT muscle during the 5 ms take-off period, based on estimated TDT mass, measured jump distances and the kinetic energy required to propel wingless Drosophila. Using our average preparation length (125 mm), cross section area (4950 mm 2 ), and data from our force-clamp experiments (Fig. 4 and Table 3 ), we calculated a maximum power generation of 8.06 nW and 6.95 nW for TDT expressing Tr-WT and EMB, respectively. Incorporating a muscle density of 1.0 Â 10 À6 mg/mm 3 (29) , and our average muscle preparation dimensions, results in a maximum specific power of 13.0 mW g À1 and 11.2 mW g À1 for TDT expressing Tr-WT and EMB, respectively. This falls well below the results of Zumstein's in vivo analysis (29) . This discrepancy in power production can be attributed to the different methods used to calculate power. Whereas, our calculations determine specific power directly as the instantaneous product of force and shortening velocity in a fiber bundle preparation, Zumestein et al. (29) infer TDT power generation based on energy estimates from a whole body jump. All of the energy required for the observed jump is attributed to work generated solely by the TDT muscles without consideration of muscle architecture, elastic contributions, or fiber orientation. Perhaps the most significant reason for their overprediction of muscle specific power is not incorporating the mechanical advantage of the femoral-tibial articulation of the leg, which increases the jump force the leg exerts on the ground compared to force produced by the muscle. In locusts this mechanical advantage can range from 250:1 at 0 to 17:1 at 135 of femoral extension (44) . Incorporation of these anatomical factors would greatly reduce the force attributed to the TDT, thereby greatly decreasing the estimated power necessary for the observed jump.
Although lower than that predicted by Zumstein et al. (29) , when compared to the performance of similar skinned fiber preparations, the power generation by Drosophila TDT is higher than that of most mammals. Type I skeletal muscle fibers from both the soleus and gastrocnemius of SpragueDawley rats, rhesus monkeys, and humans produced 4.1, 2.3, and 1.5 kN m À2 Â ML s À1 , respectively at 15 C (45). Tr-WT and EMB Drosophila TDT skinned fiber bundles produced 12.9 kN m À2 Â ML s À1 and 11.3 kN m À2 Â ML s À1 , respectively (Table 3) . TDT muscle produces less power than slow and fast fibers from Xenopus laevis, 15 mW/g and 73 mW/g, measured at 5 C (46), and much less power than the fastest fiber type found in the anterior tibialis muscle of Rana pipiens, 575 mW/g, measured from live single fibers at 25 C (47). Most of the power difference is due to lower force generation by the TDT as frog jumping muscles produce 5-to 7-fold more tension (37, 47) , suggesting that high velocity is relatively more important than high tension for Drosophila jumping. Our finding that the slower EMB isoform decreases jumping distance by more than half, but does not decrease TDT maximum muscle power generation also supports the greater relative importance of shortening velocity.
Expression of EMB alters mechanical performance
Our successful measurements of TDT mechanical properties when expressing EMB showed that the TDT will be very useful for mechanical evaluation of various myosin isoforms and mutants. EMB TDT mechanical data quality were equal to Tr-WT data with the same amount of error (Tables 2 and 3) .
Expressing EMB transformed the TDT's tension-pCa curve to be more like a slower muscle as it was less steep, with the bottom portion shifted to the left relative to Tr-WT's curve (Fig. 2) . We think the two alternative Drosophila myosin S-2 hinge versions (30) are responsible for the shift. The EMB hinge has been shown to be~5 nm longer than the adult version (expressed in TDT) of the hinge due to its greater propensity to form a more rigid coiled-coil structure (48, 49) . Changes in length or stiffness of the hinge could influence the probability of myosin binding to the actin filament by influencing head mobility or orientation with respect to the thin filament. Alternatively, thin filament protein isoforms could be up or down regulated in response to EMB expression. Another possibility is that minor deviations in the spacing of thick and thin filaments seen when EMB is expressed in TDT (31) could be influencing the probability of myosin binding to actin.
Expressing EMB decreased TDT V slack to 3.1 ML/s. This translates to the thick and thin filaments in each half-sarcomere sliding past each other at 5.6 mm/s at 15 C. If we use a conservative Q 10 estimate of 2, this translates to 9.5 mm/s at 22 C. Thus, even when not in its native muscle type, EMB myosin kinetics are increased 13-fold compared to when EMB is propelling bare actin in the in vitro motility assay, 0.7 mm/s at 22 C, and 2.4-fold compared to when EMB is propelling actin decorated with tropomyosin, 4 mm/s at 22 C (50). Thus the actin velocity value with tropomyosin is closer to what we observed in the skinned muscle preparation. The unloaded shortening velocity of TDT expressing EMB suggests EMB may actually be a fast muscle myosin, rather than a slow muscle myosin as we have characterized it previously based on our motility assay results. Unfortunately, the embryonic and larval body wall muscles that naturally express EMB are too small for mechanical measurements so we cannot compare our results with the shortening speed of EMB in its native muscle types.
Biophysical Journal 98(7) 1218-1226 EMB produces >10-fold higher calcium activated tension in the TDT compared to when it is expressed in the IFM (16) . This difference could be due to different thin filament proteins changing duty ratio, up-or downregulation of sarcomeric proteins in response to EMB expression, recruitment of a different number of myosin cross-bridges due to differences in myosin binding sites on actin between muscle fibers (51), thick and thin filament number as a percent of fiber cross-sectional, or that force generation in IFM is much higher after a quick stretch (52). We will be better able to determine the reason for tension differences once we test more myosin isoforms in both TDT and IFM, and also perform a detailed ultrastructure comparison between IFM and TDT muscle fibers.
Combining the power of Drosophila genetics with steadystate mechanical analysis, our new TDT preparation and oscillatory mechanical measurements using IFM, we can now carry out a comprehensive suite of mechanical perturbations to fully evaluate any transgenic muscle protein isoform or mutant. This array of techniques will allow us to answer many interesting questions such as identifying myosin structural regions critical for setting muscle shortening velocity (53) .
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